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ABSTRACT
A major part of the power consumption in the low-wattage reciprocating compressors, used for household
refrigeration units, is associated with the motor. A variable speed compressor as opposed to a single speed
compressor is known to provide energy savings due to its ability to match the load demand from the pump more
closely to the power delivered by the pump. The current article presents an overview of the design and optimization
methodology for a variable-speed, three-phase PM BLDC motor. The design is evaluated for a four pole
configuration with operating frequencies ranging from 66.66Hz all the way up to 150 Hz. A finite element tool to
determine performance of the PM BLDC motor with different design parameters like magnet arc lengths and
thickness, number of stator slots, Back EMF wave shape, skewing etc. is developed. This model is then used for
obtaining dimensions for the most efficient motor design. A PMBLDC motor model based with-sensor and
sensorless control strategy is developed for operating the motor at the desired speed while delivering the torquedemand to the pump over the desired speed range. The novel feature of the analytical model is how the results of the
prior mentioned FE tool are leveraged. The back EMF wave shape is not idealized as a trapezoidal waveform.
Instead the back EMF is calculated from an accurate FE model and this data is used to determine the generated
voltage in the analytical model. This ensures a quick (relative to Finite Element simulation) yet accurate simulation.
The algorithm is to be implemented on a dsPIC30F6010A microcontroller. Finally, load tests would be performed
on a dynamometer to evaluate the performance of the motor over the entire speed and load ranges to ensure it
conforms to the design and operational requirements.

1. INTRODUCTION
A variable speed compressor is known to incur a significant savings in energy. Electrically, this is mainly due to the
possibility of matching the load to the motor through a variable frequency drive. Mechanically, variable speed
compressors have reduced pressure drops and lower acoustic nose. All of these contribute to the improvement of the
overall efficiency of the refrigeration system as a whole. This paper attempts to outline the design and optimization
procedure of a three-phase PM BLDC motor for a variable speed domestic refrigerator compressor application. The
results of improved performance of a prototype built following this design methodology are presented. (Claus et al.,
1995) (Marcos G. Schwarz, 2010)

2. VARIABLE SPEED MOTOR SYSTEM FOR REFRIGERATION COMPRESSOR
A domestic refrigerator compressor typically consists of a line start single phase induction motor fed through a
PTCR relay. The variable speed motor based refrigeration system will have a typical layout as shown in Figure 1
below. The system consists of a variable speed controller that consists of a single phase rectifier, a three phase
inverter and a Digital Signal Processor (not shown in the Figure 1) that is used to control the inverter. The
hermetically sealed compressor shell houses the three phase induction motor and the pump assembly. The variable
speed controller is responsible for the speed control of the motor.
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The rectifier rectifies the single phase utility input and maintains a DC voltage across the capacitor. Based on the
feedback of the current and an estimated position sensing an algorithm decides upon the switching sequence of the
legs of the inverter and applies balanced three phase voltages to the windings of the motor. Several control
strategies are possible for the speed control of the motor. The choice is based upon the operating and start up
specifications like
1. Time to reach speed reference from zero speed- Important to ensure that the lubrication system pumps oil
into the piston-crank assembly
2. Starting torque to ensure start-ability of the motor- Especially important during the first run of the
refrigerator
3. Limit on the peak starting current that may be drawn from the utility-Utility specifies allowable current
levels for household appliances
4. Efficiency of the rectifier inverter system- To meet the energy rating standards
5. Allowed temperature rise of the inverter devices (Bin Wu, 2006)

Figure 1: Variable speed domestic refrigerator drive system

3. THREE PHASE PM BLDC MOTOR DESIGN
3.1 Design Specifications
The initial design of the three phase PM BLDC motor is based on a set of specifications as listed in Table 1 below:
Table 1: Design Specification PM BLDC Motor
Parameter
Rated power
Synchronous Speed
Rated (L-L) supply voltage
Supply Frequency
Number of Phases
Staring Current
Ambient Temperature

Value
100W
3000 RPM
200 V
60 Hz
3
25oC
<10A peak

The choice of these specifications is determined by both optimal design options as well as to meet the application
requirements as outlined in section 2. Some of these are discussed as below

3.2 Pole Number
Two pole motor configurations have the inherent disadvantage of having longer end windings as compared to the
four pole machine configuration. This is illustrated below in Figure 2. Two machines, one 2 pole and one 4 pole
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having the same frame size were compared to ascertain their efficiency difference. The chart in figure 3 below
shows the comparison of a two pole and four pole PM BLDC machine of same frame size. The chart is plotted to
show the relative efficiency comparison between the two configurations (the efficiency is in per unit, the peak
efficiency of the four pole machine being 1). As can be inferred from the curves the four pole configuration is more
efficient than the two pole one over the operating speed range.

Figure 2: Two pole and four pole configurations of PM BLDC motor

1.01

Efficiency (p.u)

1

0.99

Eff(2 Pole)

0.98
0.97

Eff (4 Pole)

0.96
0.95
0.94
0.93
1000.00

1800.00

2600.00
3400.00
Speed (RPM)

4200.00

Figure 3: Relative comparison of two pole and four pole motor efficiencies

3.3 Number of Slots
Since the application for which this design is going to be used is a household refrigerator compressor, maximum
efficiency and minimum cost are prime objectives. A 12 slot configuration satisfies both these requirements as it
ensures maximum possible slot fill factor as well as lower material cost since more amount of copper can be
incorporated in the same volume of iron. The chosen slot number does however have slightly higher harmonic
content as compared to higher slot numbered designs.

3.4 Magnet Properties
Keeping in mind the cost sensitive nature of the application as well as the rising prices of the rare earth variety of
permanent magnets, ferrite grade of PM materials are used for the manufacture of the rotor. Details of the type of
ferrite proposed for this prototype are specified in Table 2 below.
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Table 2: Magnet properties for PM BLDC Motor
Residual Flux Density

Coercive Force

Max. Energy product

Br

Hc

(BH)max

Grade

CS-5F

kGauss

Tesla

kOersted

kA/m

MGOe

kJ/cu.m.

3.8 - 4.0

0.38 - 0.4

3.5 -3.8

278 -303

3.4 - 3.8

27 - 30.3

Material

SrO.nFe2O3

3.5 Winding Layout
A double layer two parallel path lap winding is used for ensuring that we obtain the desired trapezoidal Back EMF
essential for the appropriate operation of the inverter system.

3.6 Synchronous Speed
The choice to have a four pole machine run at a base frequency of 100Hz was made based upon the knowledge of
loss distributions of motors operating at low (66.66Hz) base (100Hz) and high frequency (150Hz). The most
efficient of the three options was chosen as the base frequency of 100Hz as will be show in the exploration of the
design space in subsequent sections The low frequency tended to make the dimensions of the motor exceed the
maximum space available in the pump assembly and the compressor shell. Also, operating a machine rated for 66.66
Hz at 150 Hz caused the torque to drop to unacceptable levels. The high frequency on the other hand caused the
copper losses to be higher on an average over the entire speed range. This was because higher levels of operating
flux density had to be chosen to ensure adequate torque over the speed range.

3.7 Line-to-Line Voltage
The available utility supply is 115V and the subsequent rectifier along with the DC bus capacitor yields a peak
voltage of ≈162V. However the utility supply has a tendency to droop ±5% and this combined with a maximum
possible modulation index of 0.95 the maximum available line to line voltage available for ensuring start-ability is
≈100V. (Toliyat and Kilman, 2004)

4. MOTOR DESIGN METHODOLOGY
The design methodology of the three phase induction motor can be divided into the following processes:
1. Main dimension calculations (Stator OD, ID and stack length)
2. Stator and rotor slot dimensioning
3. Winding layout
4. Electric and magnetic loading calculation
5. Equivalent circuit calculation
6. Efficiency calculation

4.1 Load Torque Profile
Apart from the above mentioned design specifications the load seen by the motor is an important consideration and a
typical normalized torque profile is shown in figure 4.
As seen in figure 4 the torque over one rotation of the rotor goes from a momentary peak during compression to a
negative torque during compression. This requires that the inertia of the motor be capable of driving through this
peak while ensuring that the machine does not go into the unstable region. The design is carried out to ensure high
enough inertia to allow the motor to supply this torque as well as to smooth out the torque ripple. To ensure that the
minimum torque requirement is met, the motor is designed to meet the average torque requirement, which is ≈25%
of the peak torque.

4.2 Design Algorithm
The design process is iterative with two loops, the inner loop increases the active length of the magnet to achieve the
desired air-gap flux density. The outer loop is iterated back to the main dimensioning step if losses and other
performance specifications do not meet the desired values, in which case the dimensions, magnetic circuit and
electric circuits are adjusted so as to achieve the desired efficiency and performance specifications.
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Figure 4: Torque vs. Rotor position of the motor in a domestic compressor application
The torque produced by the PM BLDC motor can be expressed as:
(1)
The product in the parenthesis in equation (1) is the force produced by the interaction of Nm magnet poles which
provide an air gap flux density of Bg with each pole interacting with ns conductors each carrying a current of I
exposed to Bg over a length L. For more than one slot per pole per phase NSPP the air gap flux distribution needs to
be modified to take into account the slotting effect via the pitch factor kp and the MMF distribution needs to be
modified by the distribution factor kd to account for the fact that the coils are distributed over the periphery of the
stator .The final torque expression for a skewed geometry includes the skew factor ks thus becomes:
(2)
Using the equation (2) and the equation (3) below the peak back-EMF at a rated speed
equation (4)

may be determined as in

(3)
⁄

(4)

Hence from equation (4) for a desired EMF the number of conductors can be deduced.
A design algorithm is coded based on the flowchart shown in figure 5, as a MATLAB program that iterates to satisfy
the design constraints a few of which are listed below:
1. Air gap flux densities of the range 0.2- 0.4 T
2. Ratio of stator core flux density to stator tooth density of 1.6
3. Ratio of rotor core flux density to rotor tooth density of 1.2
4. Slot fill factor (Bare Copper Area/ Slot area) ≈ 40%
5. A slot opening on stator lamination enough to allow the largest of the wires to be able to pass through the
opening
6. Minimum allowable tooth width on the stator lamination with which the stator cannot be wound without
mechanically damaging/ bending the laminations.
7. Air gap not less than 0.3mm to ensure the manufacturability and also reliability from the bearing point of
view as well as to ensure that the windage and the stray losses don’t cause excessive losses (Cyril G. Veinott.
1959)
Equations (1) through (4) are used to determine the various dimensions that are required in the various steps in the
flowchart of figure 5. (Duane C. Hanselman, 1994)
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Figure 5: Flowchart illustrating PM BLDC motor design methodology

5. MOTOR DESIGN OPTIMIZATION
5.1 Base Design Variations & Performance Quantification
The design constraints in the PMBLDC motor are essentially similar to an equally rated three phase induction motor
the major difference being that the reluctance network in the former is highly nonlinear. A suitable choice of arc of
magnet is the major design criterion to achieve smooth back-EMF, hence torque. Finite element analysis is required
for doing this. As a compromise between the shortest constant speed operation possible with a variable frequency
controller and a reasonably high efficiency, the design with a base frequency as 100Hz i.e. 3000RPM speed was
chosen. The efficiency results shown are obtained from the design flowchart wherein the friction windage losses are
not considered, i.e.; only the electrical efficiency is considered.
In figure 6 below the data of the various base designs is plotted graphically. Even though the 66.7Hz design has a
much higher efficiency, the peak torque requirement, as shown in figure 4, of the pump cannot be met by this
particular machine at higher speeds. This is due to the limit of possible over speeding of the motor which is usually
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twice the base speed. This constraint is set due to the possible level of de-fluxing in a PM BLDC motor. The chart
shows the normalized efficiency where the peak achievable efficiency of the three designs

Figure 6: Normalized Efficiency vs. Speed for three base frequency designs of PM BLDC

5.2 Magnet Shaping and Sizing
The iterative feature of the motor CAD program according to the flowchart of figure 5 involves increasing the
dimensions of the magnet radially to ensure that the chosen air gap flux density is achieved. This decides the magnet
thickness. Another feature of the magnet used in PM BLDC is the magnet angle denoted by  in figure 7. Another
effect of the magnet is also to introduce the effect of cogging which is investigated below.

Figure 7: PM BLDC Motor Geometrical dimension terminology
Cogging torque is defined as the unwanted torque that is produced in the PM BLDC motor due to the interaction of
the rotor magnets and slots and poles of the machine. The cogging torque reduces the average torque produced by
the machine and introduces unwanted torque ripple in the PM BLDC motor. The expression for the cogging torque
is given by:
⁄

⁄

(5)

Where g is the air gap flux and R is the air gap reluctance. It is important to note that most techniques used to
reduce the cogging torque will reduce the effective back EMF and hence the resulting mutual torque production.
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Figure 8: Cogging Torque vs. Rotor Position for various skew & magnet angles
It is shown clearly in the figure 8 how the absence of skew severely increases the peak value of cogging torque.
Shown are the cases for a skew angle of 0o and 15o at two different magnet angles Duane C. Hanselman, 1994)

5.3 Finite Element Tool Development for PM BLDC Motor Optimization
The tool consists of a front end excel interface which calls MAGNET (Infolytica’s FE package). The user inputs are
the following:
1. A location on the disk that specifies a set of DXF’s to be analyzed.
2. The base design parameters around which their values are going to be varied
Figure 9 shows the basic interaction between the various tools that are used to perform an optimum search.
Infolytica
MAGNET

EXCEL
Interface

AUTOCAD
DXF generator

Figure 9: Interaction between various components
The process the tool follows is explained below with reference to the figure 9 above
1. The EXCEL interface provides base data to the AUTOCAD module.
2. A DXF file or a set of DXF files are generated by the AUTOCAD program. Each of the DXF’s corresponds
to a change in a main effect parameter like magnet arc length magnet thickness stator slot dimensions etc.
3. The path where the DXF’s are populated is used by the EXCEL script. The EXCEL script then calls
MAGNET to build a FE model of the motor for each of these DXF’s. The FE solver can be used to solve
one of the many options available in the tool front end interface. These include Back EMF calculation,
Transient 2D simulation with motion etc.
4. MAGNET return all simulation data back to EXCEL where the post processing is done and the torques, the
efficiencies and other performance parameters for each of the DXF’s are populated and compared for an
increasing trend.
With the tool being able to draw and analyze several geometries sequentially, this allows one to not only compare
the performance of the various “new motors” but also to program the tool to let an optimizer like a Genetic solver to
monitor the progress of the design and suggest changes in the base design to lead the motor to its final optimum
design. Two of the most important parameters that affect the efficiency of the machine namely LM and  are used to
determine the change in efficiency due to their respective changes. It can be concluded from figure 10 that increase
in the magnet length increase the efficiency due to more airgap flux density due to magnet and hence lesser current
require in the stator. Also it can be seen that specific combinations of magnet length and angle have better
efficiencies and this analysis allows picking out the most optimum of the designs among the design space.
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Figure 10: Efficiency variation with only LM and with both LM and 
The left curve in figure 10 shows a variation of efficiency as calculated by the FE tool when the length of the
magnet LM is varied. The right most curve shows the efficiency variation when all combinations of both LM and 
are varied.

6. DYNAMIC MOTOR MODEL FOR PM BLDC MOTOR
6.1 Non Idealized Dynamic Modeling
Traditional PM BLDC motor models utilize an ideal trapezoidal waveform to represent the back EMF of the PM
BLDC. The waveform of an ideal per-unitized three phase back EMF waveform is shown in the left curve of figure
11

Figure 11: Ideal per-unit three phase back EMF waveform & FE calculated three phase back EMF waveform
However this may not be the case as such an assumption neglects all the slotting effects of the stator that reflect in
the wave shape of the back EMF. A typical example of back EMF calculated from FE is shown in the right curve of
figure 11. It is the flat portion of the back EMF that actually is responsible for the production of the torque and any
imbalances in the three phases and effects of slotting on the back EMF will cause a difference in torque and power
production. These effects are not captured in the ideal back EMF waveform. These effects are implemented in the
MATLAB/SIMULINK model of the PM BLDC motor by coding the above back EMF waveform as a lookup table
whose output is a generated voltage which is a function of speed. This is beneficial in two ways. The first reason one
would want to use this is to reduce the time the FE analysis takes for performing the transient with motion
simulations. Secondly the effects of slotting and the harmonics introduced in the Back EMF as a result of these
effects and its impact on the closed loop control (sensorless speed estimation) can be understood during the
controller design phase. The effects of the non-ideal nature of the back EMF is illustrated in the figure 12. It can be
seen that the speed response has significant ripple. Shown is the steady start-up response. The current waveforms are
also distorted in the case where the non-ideal back EMF waveforms are used. This is shown in the figure 12 current
waveform. They are not exactly in phase due to the speed changing at different rates. The response is that of an open
loop control. The PM BLDC used has the following specifications as shown in Table 3.
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Figure 12: Speed and current response of typical PM BLDC motor with ideal and non-ideal back EMF
Table 3: PM BLDC Motor specifications
Stator Resistance per Phase

0.3073

Ohm

Stator Inductance per Phase

1.6408
0.7596

mH

Stator Mutual Inductance per Phase
Rotor Inertia
Number of Poles

9.60E-05
4

DC Bus voltage

120

Back EMF constant

0.0764

mH
kg/m2
Numbers
V
V/(rads-1)

7. CONCLUSIONS
A three phase PM BLDC has been designed with estimated efficiency of at least 10% greater than an equally rated
single phase induction motor for compressor applications. An optimized design of the machine has been selected as
a final design. The PM BLDC motor characteristics showed its potential to impact EER positively over a wider
range of speed than an induction motor of same rating. This is inherently due to almost zero losses in the rotor side
of the PM machine. A novel FE analysis tool for accurate optimization of several PM BLDC topologies has been
developed and discussed. A novel method of creating a dynamic motor model for the purpose of control algorithm
development has also been discussed.
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